Anaplastic thyroid carcinoma (ATC) is the most aggressive thyroid cancer variant, accounting for 1-2% of all cases, but 33% of deaths, and exhibiting an average life expectancy of 5 months. ATC is largely unresponsive to radioactive iodine, chemotherapy, external beam radiation or surgery, underscoring the need for new and effective therapies. We evaluated the therapeutic potential of an oncolytic adenovirus, ONYX-411, that replicates selectively in and kills cells with dysfunction of the retinoblastoma (RB) pathway. In the present study, we report that ONYX-411 is able to induce cell death in eight human anaplastic carcinoma cell lines in vitro. The cytopathic effect of the virus is specific to cells with RB dysfunction, which appears to be frequent in ATC. We confirmed the expression of the coxsackie adenovirus receptor, CAR, in all ATC cell lines, demonstrating the potentially universal application of this oncolytic viral therapy to ATC. In addition, the growth of xenograft tumors induced in athymic mice with the ARO and DRO cell lines was significantly reduced by ONYX-411 treatment. These results indicate that ONYX-411 can be a potential therapeutic agent for the treatment of ATC, rendering this class of conditionally replicating adenoviruses an attractive candidate for clinical trials.
Introduction
The American Cancer Society estimates that about 37 000 thyroid cancer cases will be diagnosed in the United States in 2008, 1 of which 1-2% will be anaplastic thyroid carcinoma (ATC). Though rare, ATC is the most aggressive form of thyroid cancer, with a mean life expectancy of 2-7 months from the time of diagnosis. It accounts for 20-40% of the annual B1500 thyroid cancer deaths in the United States. 2 ATCs are poorly differentiated tumors that exhibit resistance to most treatment modalities, probably because they have sustained alterations in multiple oncogenic pathways, accompanied by a high degree of intratumor clonal diversity. Consequently, the 1-year survival rate after diagnosis is only from 5 to 15%, even with aggressive, multimodal therapy involving surgery, radiotherapy and chemotherapy. 2, 3 As singlemodality therapy has been shown to have a limited effect on ATC, multimodality therapy has become the treatment of choice in recent years with the hope of leading to at least reduced tumor mass and palliative control of the cancer. Keeping in mind the aggressive nature of this cancer and the minimum treatment window, there is a need for the development and evaluation of novel treatment strategies.
Most studies on prevention and therapy of ATC have concentrated on the use of small molecules that can inhibit the growth of ATC cell lines in culture and in mouse tumor explant models. Peroxisome proliferatoractivated receptor-g agonists 4 and 17-allylaminogeldanamycin (17-AAG) treatment, respectively, 5 are currently being tested in human clinical trials of differentiated thyroid carcinoma at Mayo Clinic (RC Smallridge, personal communication). There has been interest in exploiting specific genetic abnormalities found in tumors to affect selective and efficient tumor cell killing, and ATCs represent potentially suitable targets for such specific tumor targeting due to the fact that they develop through progressive accumulation of changes in several oncogenic pathways, including p53 and retinoblastoma (RB). 6, 7 The RB pathway is disrupted in nearly all human cancers. 8 RB loss or inactivation is a major mechanism by which tumor cells attain a growth advantage during tumorigenesis. 9 RB plays a critical role in cell cycle regulation, stem cell maintenance, tissue regeneration, differentiation and developmental programs. Most of the components of the RB pathway qualify as protooncogenes or tumor suppressors, and each of them can become deregulated through several distinct molecular mechanisms such as gene amplification, chromosomal translocation or inversion, activating or inactivating mutations, promoter silencing by methylation, inactivation by protein-protein sequestration, aberrantly enhanced or inhibited protein turnover and activation by proviral integration. 9 The RB pathway is impaired in its function in the majority of advanced human cancers, including ATC, regardless of whether RB itself is mutated or not. RB mutations in thyroid neoplasms have been documented in a small number of cases 10 and RB pathway dysfunction appears to be a common feature of thyroid cancer. 11 A number of strategies have been employed to target defects in this pathway with the hope of developing new therapeutics. 12 With the aim of identifying an effective and fast-acting therapeutic option for ATC, we focused on oncolytic viruses, which target and specifically destroy cancer cells, while leaving normal tissues relatively unharmed. Oncolytic viruses have been used as therapy for several cancers; 13 however, limited efforts have thus far gone into understanding their potential for the therapy of ATC. Yu et al.
14 evaluated the efficacy of a replicationcompetent, attenuated oncolytic herpes simplex virus, NV1023, which appeared to be effective both in vitro and in vivo. Two different studies have tested conditionally replicative oncolytic adenoviruses as therapeutic agents for ATC. One study involved ONYX-015, which is genetically modified to contain a deletion of the E1B early gene, designed to replicate and cause death preferentially in p53-mutated cells. 15 The other study evaluated HILMI, wherein the T-cell factor response elements drive E1A and E1B expression of the adenovirus, thereby allowing the virus to replicate specifically in cells with an active Wnt/b-catenin pathway. 16 All these agents showed promise in preclinical studies, but only ONYX-015 has been tested in clinical trials for cancer with excellent safety, but limited efficacy in US trials. 17 The limitation of ONYX-015 was its lack of specificity in that it also targeted normal cells although a similar virus has been approved in China for the clinical treatment of head and neck cancer. 18 Further, in a comprehensive review of 31 studies, Lam et al. 19 demonstrated that only 52% of ATC revealed either p53 protein or TP53 gene alterations when evaluated with a variety of molecular techniques, limiting the efficacy of ONYX-015 as a therapeutic agent for ATC.
The present study evaluates ONYX-411, a conditionally replicative oncolytic adenovirus, which has the ability to selectively replicate in a broad array of human tumor cell types with defective RB pathway status. In normal cells, the universal initiator of cell cycle progression, E2F, is bound and inactivated by RB, whereas in RB pathwaydeficient cells, E2F levels are high, promoting cell replication. ONYX-411 takes advantage of this by placing the expression of the E1A and E4 genes, which are required for viral replication under the control of the human E2F promoter. 20 As E2F levels are high in tumor cells, this promotes viral replication. E1A also binds to RB, releasing E2F and initiating cell cycle progression, which is also crucial for replicating the virus itself. To prevent adenoviral-induced cell cycle progression in normal cells, the E1A gene was modified. For human adenovirus, two non-contiguous domains of E1A, conserved region 1 (CR1, low affinity) and conserved region 2 (CR2, high affinity), are required to mediate RB binding and E2F release, thereby promoting S phase entry. 21 ONYX-411 contains a 24-bp deletion within the E1A CR2 domain, preventing RB binding and adenoviral replication in normal cells. When originally developed in 2002, it was demonstrated that the combination of these features in ONYX-411 was crucial for selective viral gene expression, replication and progeny production, specifically in tumor but not in normal human cells. 20 These modifications also resulted in reduced in vivo systemic toxicity and a survival benefit in animal models of human cancer following systemic administration. 20 In the present report, we demonstrate for the first time that ONYX-411 can be used to selectively target and destroy ATC cell lines with RB dysfunction in vitro and suppress the growth of xenograft tumors in vivo. We also demonstrate that RB dysfunction occurs at a high frequency in ATC. These data together with our observation that the coxsackie adenovirus receptor (CAR) is expressed in all ATC cell lines tested underscore the potential of ONYX-411 as a therapeutic agent for ATC.
Materials and methods

Cell lines
The human embryonic kidney cell line, HEK293 (CRL-1573), was purchased from American Type Culture Collection (ATCC, Manassas, VA) and cultured according to specifications. The ATC-derived cell lines FRO, ARO and DRO were obtained from Dr G Juillard, University of California Los Angeles. SW1736 (gift from Drs Leibowitz and McCombs, Scott and White Memorial Hospital, Temple, TX), BHT101 (gift from Drs Istvan and Palyi, National Institute of Oncology, Budapest, Hungary), KTC-2 and KTC-3 (gift from Dr Junichi Kurebayashi, Kawasaki Medical School, Okayama-Ken, Japan), KAT-4 (gift from Dr Ken Ain, University of Kentucky) and OCUT-1 (gift from Dr Naoyoshi Onoda, Osaka City University, Graduate School of Medicine, Osaka, Japan) were cultured in RPMI-1640 containing 10% charcoal-stripped fetal bovine serum (Biomeda, Foster City, CA), non-essential amino acids, sodium pyruvate, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer and penicillin-streptomycin antimycotic. Normal human thyrocytes were cultured in RPMI-1640 containing 10% fetal bovine serum, insulin, transferrin, selenium (ITS), epidermal growth factor, triiodothyronine and penicillin-streptomycin. All cell lines were grown at 37 1C in a humidified atmosphere of 5% CO 2 .
Reagents p53 (DO-1) antibody was purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). RB (4H1) and CAR (RmcB) were purchased from Cell Signaling Technology Inc. (Danvers, MA) and Upstate Biohemicals (Lake Placid, NY), respectively. Anti-human b-actin antibody and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reagent were obtained from Sigma-Aldrich (St Louis, MO).
Adenoviral amplification and titer
Original stocks of ONYX-411 were obtained from Onyx Pharmaceuticals (Emoryville, CA). Viruses were amplified in HEK293 cells and purified by CsCl 2 gradient ultracentrifugation according to specifications. 20 The virus titer was determined by plaque assay on HEK293 cells.
Cell viability assay ATC cell lines were seeded in 12-well plates (at 5 Â 10 4 cells per well) and treated with ONYX-411 at multiplicity of infection (MOI) 50 after 24 h, 20 except for the dose curve in which cells were infected with MOI 25, 50, 100 or 200. Cell survival was evaluated 3 or 6 days after infection using the MTT cell viability assay. 22 The percentage of surviving cells was calculated as the ratio of absorbance at 490 nm in the infected cells compared with that of the mock-infected cells. The experiments were repeated three times and each condition was replicated six times in each experiment.
Western blot analysis ATC cell lines were plated on 100-cm plates. Forty-eight (48) hours later, cells were harvested and immunoblotting was carried out using standard methods to determine the expression levels of p53, RB and CAR. Human b-actin was evaluated as a control to ensure uniform loading. Antibody binding was visualized by enhanced chemiluminescence (Pierce, Rockford, IL) and images were obtained using a KODAK IS4000MM digital imager.
Xenograft experiments
We evaluated the antitumor effects of ONYX-411 in a xenograft model using the ARO and DRO human anaplastic thyroid cancer cell lines. A total of 1 Â 10 6 cells were injected subcutaneously into 3-to 4-week-old athymic nude mice (Harlan Sprague Dawley Company, Indianapolis, IN). Tumor nodules were allowed to grow subcutaneously to approximately 50-200 mm 3 in size. The mice were randomly divided into two groups that received intratumoral injections of 5 Â 10 7 plaque-forming units of virus in a total volume of 50 ml per tumor of either the ONYX-411 or the ultraviolet (UV)-inactivated control virus for five consecutive days. Tumor size was measured every 3 days and tumor volume was calculated according to the formula: V tumor ¼ 0.5236 (l Â w Â h), where, l, w and h represent length, width and height. The control virus was obtained by UV inactivation of ONYX-411 with three cycles of crosslinking (120 000 mJ) in a UV Stratalinker (Stratagene, La Jolla, CA). All experiments were conducted in accordance with accepted standards of animal care, and this study was approved by the Mayo Institutional Committee on animal care.
Statistical analysis
Quantitative variables such as cell viability measured by MTT assay after virus infection and mouse tumor volumes were analyzed with a two-sample paired t-test. Xenograft tumors were compared by analysis of variance for repeated measures to assess the effect of ONYX-411 treatment. All values with Po0.05 are considered significant.
Results
RB, p53 dysfunction and CAR expression in ATC cell lines
Tumor suppressor gene dysfunction of RB or p53 is usually detected by an increase in the expression of these proteins due to malfunction of the pathway, in that there could be either promoter silencing by methylation, inactivation by protein-protein sequestration or aberrantly enhanced or inhibited protein turnover. 9 To determine the susceptibility of ATC cell lines to ONYX-411, we evaluated a panel of nine ATC cell lines to assess whether RB and p53 dysfunction are an inherent property of this cancer. Western blotting of the FRO cell line did not demonstrate either RB or p53 dysfunction, implying that there could be another mechanism involved in the tumorigenic progression of this particular patient-derived cell line (Figure 1 ). Whereas 8/9 (88.9%) of the ATC cell lines showed variable levels of RB dysfunction (Figure 1) , only 5/9 (55.5%) cell lines (ARO, KTC-3, KAT-4, BHT101 and OCUT-1) displayed p53 dysfunction (Figure 1 ), suggesting that RB rather than p53 dysfunction occurs at a higher frequency in anaplastic thyroid cancer.
Efficacy of an oncolytic adenovirus is dependent on the expression of the appropriate cellular receptors. Variations or lack of receptor expression could therefore impose limitations on the application of adenovirusmediated gene therapy. Adenovirus enters the host cell by a receptor-mediated endocytosis mechanism. 23 Primary binding to the CAR is followed by internalization mediated by a v -integrins. Although CAR expression has been shown to be variable among cell lines and tissues, it has been shown to be essential for adenoviral entry. (Figure 1) . Six of the nine cell lines, ARO, DRO, KTC-2, KAT-4, BHT-101 and OCUT-1, showed greater than 50% cell death by day 3. However, two of these susceptible cell lines, KTC-2 and OCUT-1, which showed dramatic cell killing by day 3 (90 and 65%, respectively), recovered significantly (40 and 30%, respectively) by day 6. Two cell lines, KTC-3 and SW-1736, took longer (6 days) to demonstrate significant cell killing. Thus all cell lines with RB dysfunction exhibited sensitivity to killing by ONYX-411 (Figure 2b) .
Normal thyrocytes were incorporated into the study as a control to ensure that ONYX-411 did not affect normal human cells and confirm that its replication was restricted to cells with RB dysfunction. As observed with FRO cells, primary thyrocytes were not affected by ONYX-411 even by day 6 (Figure 2b ).
ONYX-411 suppresses growth of ATC xenografts
To determine the efficacy of ONYX-411 in vivo, ARO and DRO xenografts were generated in athymic nude mice.
The animals were divided into two groups for injection with either ONYX-411 or UV-inactivated virus. In all cases, each tumor was injected with a total 0.2 Â 10 9 plaque-forming units of either virus over a period of five consecutive days. Mice were euthanized when tumors reached a volume X1000 mm 3 . None of the mice in this study showed evidence of morbidity.
Profound tumor growth was observed in all groups treated with inactivated control virus (Figures 3b and d) , and tumor growth reached 1000 mm 3 by weeks 5-6. On the other hand, tumor growth was significantly suppressed in tumors that were treated with ONYX-411, the effect being most dramatic in the DRO xenografts compared with the ARO xenografts (Figures 3a and c) . (Figures 4g and h ). Both ARO and DRO tumors are highly de-differentiated, although there is evidence of poorly organized thyroid follicles in ARO (Figure 4b ), but not in DRO cells (Figure 4f) . Collectively, these data confirm the efficacy of this virus against ATC cell line xenografts in vivo.
Discussion
In the present study, we have demonstrated for the first time that RB pathway dysfunction is a common attribute ONYX-411, adenovirus therapy for thyroid cancer HV Reddi et al of anaplastic thyroid cancer (Figure 1) . We have utilized this inherent dysfunction of RB in ATC to validate the efficacy of ONYX-411, a conditionally replicative oncolytic adenovirus, as a potential therapeutic agent for this aggressive cancer. We evaluated ATC cell lines for expression of CAR, the primary receptor for adenovirus, and demonstrated that receptor expression is not a limitation to the use of this agent as a therapeutic agent for ATC, as CAR was expressed on all the cell lines analyzed (Figure 1 ).Our data also clearly indicate that ONYX-411 replication is restricted to cells with RB dysfunction (Figures 2a and b) and that it is not capable of replication in normal cells thereby enabling it potentially to be used for systemic therapy. Further, we also show that the virus can significantly suppress the growth of ATC xenografts in vivo (Figure 3) . The fact that ATCs commonly demonstrate RB dysfunction and efficient expression of CAR strengthens the candidacy of ONYX-411 as a potential therapeutic agent for anaplastic thyroid cancer.
The role of tumor suppressor gene loss or mutation has not been extensively investigated in thyroid neoplasms. With respect to ATC, both RB and p53 status has been documented using various molecular techniques, 10, 11, 19 indicating that RB rather than p53 dysfunction occurs at higher frequency. The present study further emphasizes these observations, as eight of the nine cell lines tested had RB dysfunction, whereas only five of the nine cell lines exhibited p53 pathway dysfunction. These data argue that the RB pathway could prove to be a very important therapeutic target in ATC, underscoring the potential of ONYX-411 as a novel therapeutic agent for ATC.
Oncolytic viruses that exploit tumor-specific genetic abnormalities to affect selective and efficient tumor cell killing have been tested in other cancers with moderate success. For example, the conditionally replicating adenovirus, AD5-D24RGD, which replicates selectively in cells with malfunctioning RB pathway, is currently being tested clinically in ovarian cancer patients. 24 However, limited effort has gone into understanding their ONYX-411, adenovirus therapy for thyroid cancer HV Reddi et al potential for the therapy of ATC, an otherwise untreatable thyroid malignancy. ONYX-015 was developed to specifically replicate in cells with p53 dysfunction, 15 and HILMI was developed to exploit the Wnt/b-catenin pathway. 16 Although we have not tested our panel of cell lines for the Wnt/b-catenin pathway, we have observed that RB rather than p53 dysfunction occurs at a higher frequency in ATC, suggesting that ONYX-411 may be a more useful therapeutic agent for the treatment of ATC.
Our cell line data clearly indicate that ONYX-411-mediated cell killing is very specific to cells with RB dysfunction and there is no apparent toxicity to normal cells (Figure 2b) . The observation that KTC-2 and OCUT-1 recovered significantly by day 6 suggests that these cell lines might have been a mixed population that included a small fraction of cells displaying resistance to ONYX-411. This could be due to cells with either CAR deficiency or presence of normal RB. The delay in killing of KTC-3 can be attributed to the lower extent of RB dysfunction (Figure 1) , which could be a delaying factor for viral replication. However, the explanation for the delayed cell death observed in SW-1736, despite pronounced RB dysfunction and strong CAR expression, is not known.
The nude mice xenograft experiments validate the in vitro tumoricidal efficacy of ONYX-411 in vivo. Saito et al. 25 have recently demonstrated that the E1A region of adenovirus suppressed the production of vascular endothelial growth factor and inhibited tumor angiogenesis by binding with p300, further emphasizing the potential utility of adenovirus-mediated gene therapy. The decreased neovasculogenesis might also be an indirect effect of tumor size. As increasing tumor size stimulates new blood vessel growth through hypoxic signals, 26, 27 it is possible that the smaller tumors exhibit reduced blood vessel numbers due to a reduction in neovasculogenic signals. In the case of the DRO tumors, we also observed a more robust therapeutic effect when smaller tumors between 50 and 100 mm 3 are treated with virus in comparison to larger tumors (4100 mm 3 ) (data not shown). This could be because the DRO tumors are so aggressive, the rate of tumor growth may have outstripped the rate of oncolysis in the larger tumors and might account for the absence of complete eradication of tumor growth. This effect might be overcome by increasing virus dose or identifying combinatorial therapies that would enhance treatment efficacy. In this regard, peroxisome proliferator-activated receptor-g agonists in conjunction with paclitaxel have shown some promise in the treatment of ATC cell lines in vitro and in vivo. 4 While this paper was being prepared, we learned that doubts had arisen with respect to the authenticity of DRO cells as an ATC cell line (B Haugen, personal communication). It was suggested that these cells might be derived from the melanoma A375 cell line. We therefore undertook studies to determine the phenotypic and genotypic characteristics of several of the cell lines used in this study, including DRO and A375 cells that were obtained from ATCC. A very high degree of genotype concordance was observed between DRO and A375 cells using an 11-marker tandem-repeat panel, suggesting that they were likely derived from the same individual (data not shown). As to the determination of the respective cell type of origin of DRO and A375, which cannot be determined by tandem-repeat genotyping, the expression patterns of proteins considered to be lineage-specific were equivocal (data not shown). Therefore, the tissues of origin of DRO and A375 cells remain uncertain at this time. Caution must therefore be exercised when interpreting experiments performed with A375 or DRO cells in a tissue-specific context. However, the concordance between RB dysfunction and ONYX-411 response is an important and valid observation regardless of whether DRO cells are derived from thyrocytes or melanocytes.
In conclusion, we show that anaplastic thyroid cancer cell lines exhibit a high frequency of RB dysfunction, and in targeting this pathway, tumor-specific killing was achieved both in vitro and in vivo using a novel oncolytic adenovirus ONYX-411 with no discernable effect on normal thyrocytes or ATC cell lines lacking RB pathway dysfunction. Further, we demonstrate that ATC does express the primary CAR emphasizing the potential of this oncolytic adenovirus as a novel therapeutic agent for the treatment of ATC, an otherwise untreatable malignancy. nude mice. We are also indebted to Dr Henry J Hiddinga for assistance with the animal studies.
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